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Abstract 
A M-shaped part is a typical section in advanced high strength steel components such as side impacts, bumper beams and b-
pillar. In this paper, an M-shaped part has been hot stamped. To research the microstructure and mechanical properties 
distribution of the M-shaped part, tensile tests of hot stamped samples were performed. The mechanical properties vary in 
different regions of the M-shaped part. To explain this difference and to predict the properties distribution, a 2D thermo-
mechanical finite element (FE) model based on the Johnson Cook constitutive equation, was developed to simulate the hot 
stamping process for the M-shaped part. Based on the FE results, the cooling rates in die-quenching stage changes along the M-
shaped section because of different tools’ gap and holding pressure, which causes the fluctuation of microstructure and 
mechanical properties. 
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1. Introduction 
In recent years, more and more vehicle components are manufactured by advanced high strength steels (AHSSs), 
which are characterized by a high strength and a significant thinner sheet thickness. Thus, there are further weight 
reduction opportunities for this type of parts. However, in the forming of the advanced high strength steel, the 
springback is very large because of its high ratios of yield strength to elastic modulus. In addition, the formability 
of AHSS is low. 
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To reduce the springback and to enhance the formability of AHSS, an innovative technique, hot stamping 
technology, has attracted more attention to produce advanced high strength steel components such as side impacts, 
bumper beams and b-pillar by using martensite boron steels. Whereas, hot stamped parts have a critical problem as 
the properties varies considerably in different locations (Kim et al., 2012; Bok et al., 2011; Naderi et al., 2011). 
However, few of them have researched and explained the microstructure and mechanical properties distribution 
inhomogeneous of M-shaped part. Since finite element analysis technique has become an efficient and cost-
effective tool for the process and tool design in sheet metal by significantly reducing the time and cost of the 
development, many analyses and experiments focused on the development of proper FEM parameters for the 
accurate simulation (Lin et al., 2011; Abdulhay et al., 2011; Yanagida et al., 2010). 
M-shaped section is widely used in safety car body parts, but its microstructure and mechanical properties 
distribution has not been determined. The main objective of the present work is to investigate the mechanical 
properties distribution of the M-shaped part. To obtain the knowledge of the properties distribution, a hot stamping 
tool used to manufacture M-shaped part is designed. Then the tensile tests of hot stamped samples were performed. 
The sheet metal (22MnB5) has been studied on the Gleeble-3500 thermo-simulation system at temperature range of 
700–900°C and strain rate range of 0.01–1.0s-1. The material constants of the Johnson Cook constitutive model 
were evaluated by experimental data. A finite element model based on the Johnson Cook constitutive equation is 
presented for explain the difference and predict the properties distribution on hot stamped part. 
2. Numerical simulation modeling 
2.1. Thermo-mechanical FE modeling 
FE simulation is an efficient tool for simulating hot stamping process. In order to enhance computational 
efficiency, a 2D model is adopted and the simulation of the M-shaped hot stamping process is modeled in the finite 
element software ABAQUS\Explicit. The FE model consists of 6624 elements, as shown in Fig. 1. 
 
 
Fig. 1. Thermo-mechanical FE model and the dimension of the M-shaped part. 
2.2. Boundary conditions and Simulation settings 
Base on the actual hot stamping process condition the entire simulation process was subdivided into three stages. 
The first stage is heating the blank to 900 °C, then transfer the blank from the furnace to the tools in 6 s. During 
this stage, the heat of blank lost by convection and radiation to the environment of 25 °C. The standard empirical 
equations used to calculate convection coefficients (McAdams et al., 1954). The second stage is stamping, the 
stamping velocity is 50 mm/s within the 42mm total stroke. The hot blank begins to transfer heat to the tools. 
There are three surface-to-surface contact (explicit) pairs between tools and blank. The heat transfer coefficients 
depended on the contact pressure and the tool’s gap, which are crucial to accurately compute the temperature of the 
blank in hot forming process. Merklein et al. (2009) presented the heat transfer coefficients between tool and blank. 
The coulomb friction coefficient is set as 0.3 and the blank holder force is set as a constant value of 2MPa. In the 
third step, quenching begins as the heat was transferred rapidly from the blank to the tools with cooling channels, 
the heat transfer coefficient between tools and the water is 5000 2W m C . The holding stage lasts 10 s under the 
pressure of 10 MPa. 
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2.3. Material properties 
The sheet steel used in the present study is high strength steel 22MnB5, its chemical composition is as follows: 
C 0.23wt%, Si 0.21wt%, Mn 1.20wt%, P 0.016%, S 0.001wt%, Cr 0.15wt%, Ni 0.04wt%, B 0.004wt%, N 
0.005wt%. The initial dimension of the sheet was 250mm (length) ×200mm (width) ×1.1mm (thickness).  
The proper description of the material flow stress at different strain rates and temperatures are crucial to the 
accurate numerical simulations of AHSS sheet metal hot forming. To determine the material flow stress at elevated 
temperature, the high strength steel 22MnB5 was studied on the Gleeble-3500 thermo-simulation system at 
temperature range of 700–900 °C intervals of 100 °C and at strain rate of 0.01, 0.1, 1.0 and 10 s-1. Standard 
equations were used to convert the load-displacement data to true stress-true strain data. The Johnson Cook model 
(Johson et al., 1983) has been successfully used for a variety of materials for different ranges of temperature and 
strain rate (Sia et al., 2003; Akhtar et al., 2004; Rohr et al., 2008). The original JC model has been widely used as 
it requires fewer material constants and also few experiments to evaluate these constants. According to the JC 
model, the flow stress is expressed as: 
  
* *ln 1 ln 1
mnA B C T  
 	





.                                                                                          (1) 
The commercial software Origin is used to fit the material constants of JC model are as follows: A=68 MPa, B 
= 228.8 MPa, n = 0.355, C = 0.097, m = 0.9031. The correlation coefficient value observed is 0.9760. 
3. Experimental Procedures 
3.1. Hot stamping experiments 
The hot stamping tool, designed for this study, is composed of an upper die, a lower die and a blank holder 
made of H13 steel. Temperature evolution of upper die during hot stamping is recorded digitally using a high-
speed multi-channel comprehensive monitoring system. The platinum resistance thermocouple is soldered to the 
upper die, 10mm from the sidewall surface. In this study, the tool temperature refers to the thermocouple 
temperature detected. An M-shaped heating block was manufactured by wire-electrode cutting, as shown in Fig.2.  
3.2. Mechanical properties 
Determination of the mechanical characteristic was carried out by tensile test as represented in GB/T228.1-2010 
standard at room temperature. The measuring gauge length was 50 mm. Total elongation was also determined. 
According to Cai (2011), there is no significant difference existing between the properties of test-pieces cut at 0° 
and 90°. In this regard the influence of the anisotropy during hot stamping was neglected in this research. The 
tensile specimens were obtained from the locations of I, III, V, VII (sidewalls) and II, IV, VI (bottoms), as shown 
in Fig.3. 
  
Fig. 2. The tool assemblies included a water-cooled upper die and 
lower die. 
Fig. 3. Schematic representation of hot stamped blank as well as 
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4. Results and discussion 
Mechanical properties distribution on M-shaped part after hot stamping is presented in Fig.4. It is seen from 
Fig.4, Y.S and U.T.S value of bottom IV is highest, and bottoms, II and VI, are higher than the other four sidewalls. 
Fig.5 depicts formability index values of all regions. (Vandeputte et al., 2001) analysed the characteristic of some 
advanced steel grades used in automotive industry and mentioned that the ability of a material to have both a good 
ductility or formability and a high strength is best quantified with the UTS × Elongation value that is known as 
formability index value. As observed in Fig.5, formability index values of bottoms, II and VI, are larger than other 
regions, and the bottom IV is the lowest. This implies that although a higher cooling rate increases strength and 
decreases elongation (as it was seen in Fig.4), the effect of the latter in decreasing formability index value is more 
than the former. Generally, it can be concluded that an optimum value of cooling rate during hot stamping can get 
a higher formability index value. 
 
Fig. 4. Mechanical properties of the hot stamping part. Fig. 5. Formability index values of the seven surfaces on the M-shaped part. 
  
In order to research on the microstructure distribution of the M-shaped part, the martensite packet sizes of the 
region I, II and IV are compared using scanning electron microscope (SEM). In martensitic steels, the “packets” 
are the primary constituent within the prior austenite, and the packet size is a crucial structural parameter when 
analysing the strength-structural relationship of lath martensite in low carbon steel. (Yoshiyuki Tomita et al.) Fig.6 
is the result of SEM, the packet size of region I higher than the region II, and the region IV is the lowest. 
 
   
Fig. 6. Metallographic (SEM) images of region of (a) I, (b) II and (c) IV in sample with austenization temperature:900°C,soaking time:5min, 
transfer time:6s, tool temperature:25°C, pressure holding time:10s. 
 
This can be resulted from different cooling rates on M-shaped part during quenching. As Fig.7 shows, the 
cooling rate of the region IV is about 225 °C/s between 780 and 420°C and it is about 175°C /s between 420 and 
280 °C. In the region of II and VI, the average cooling rate is about 120 °C/s between 780 and 420 °C and it is 
about 65 °C/s between 420 and 280 °C. And the average cooling rate of the sidewall is about 90°C/s between 780 
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and 420 °C and it is about 50 °C/s between 420 and 280 °C. 
The different cooling rates distribution on the hot stamping part can be explained by the thickness distribution 
of the blank which shown in Fig.8. As seen, the equivalent plastic strain of the bottom II and bottom VI are the 
greatest among the blank, so the thickness of bottoms, II and VI, are about 0.97 mm which is lower than the 
bottom IV, is about 1.04 mm. It declares that the region of IV has undergone more holding force during quenching, 
while there exist some small gaps between the tools and the blank at the bottom II and bottom VI. According to 
Merklein et al. (2009), the increasing holding force and reducing the die gap during hot stamping of boron steel 
lead to the increasing of heat transfer coefficients. So the cooling rate of bottom IV is higher than the other two 
bottoms, as a result, the strength is higher. 
 
  
Fig. 7. Temperature history in FEM simulation of the seven surfaces 
of the M-shaped part. 
Fig. 8. Thickness distribution after hot stamping. 
5. Conclusions 
(1) The hot stamping process for M-shaped part can be effectively simulated by finite element model, which is 
based on the Johnson Cook constitutive equation. 
(2) The U.T.S and Y.S values of bottoms are larger than those of sidewalls. Besides, the U.T.S and Y.S values 
of bottom IV are higher than those of bottom II and VI about 50Mpa. The most essential reason is that 
different thickness distribution on the M-shaped part after hot stamping leads to different quenching rates. 
(3) Increasing the quenching rate results in improving the hot stamped part strength and hardness, but 
decreasing its ductility and formability index value. Hence, a suitable quenching rate can contribute to 
achieving a better comprehensive mechanics performance of the hot stamped part. In terms of the M-
shaped part, although the strength and hardness of bottom IV are the highest, the formability index value is 
the lowest. 
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